Introduction
============

Seed deterioration is a major problem in agricultural production. It has been estimated that 25% of the annual value of seeds in inventory may be lost because of poor seed quality ([@bib37]). One estimate equated this to US\$500 million annually just for purchased seed, although this value would be significantly greater when reductions in yield due to poor seed quality are considered on a worldwide basis ([@bib36]). Seed quality is particularly important in high value crops such as lettuce (*Lactuca sativa* L.), as poor germination and emergence result in lack of crop uniformity and reduced yield ([@bib11]). In addition, lettuce produces seeds with relatively limited storage life (commercial viability lost within 5 years) ([@bib36]).

A number of mechanisms of seed ageing have been identified ([@bib56]). Lipid peroxidation, resulting in membrane damage as well as the generation of toxic byproducts, is well documented in stored seeds ([@bib17]). Oxidative damage to DNA and proteins is also likely to be involved in seed ageing ([@bib48]; [@bib5]). Formation of sugar--protein adducts (i.e. the Maillard reaction) or of isoaspartyl residues may be factors in loss of protein function during deterioration ([@bib57]; [@bib40]; [@bib47]). On the other hand, antioxidants, heat shock proteins (HSPs), and enzymes to repair protein damage may be involved in ameliorating the effects of ageing on seed longevity ([@bib31]; [@bib45]; [@bib40]; [@bib1]).

Seed priming (controlled hydration followed by drying) is a technique to improve the germination of seeds, inducing faster and more uniform germination over broader temperature ranges ([@bib28]; [@bib59]; [@bib38]). This practice is commercially applied in many crops and particularly in lettuce to alleviate thermoinhibition (failure of seeds to germinate when imbibed at warm temperatures) by increasing the maximum germination temperature ([@bib11]; [@bib64]). However, priming often results in a reduction of seed longevity compared with non-primed seed ([@bib59]; [@bib35]; [@bib12]), although some studies have found the opposite effect ([@bib26]; [@bib46]; [@bib10]). Primed lettuce seeds are particularly prone to reduced longevity relative to non-primed seeds when stored under high moisture content conditions ([@bib59]; [@bib52]; [@bib29]).

Studies of seed longevity under conventional or optimal storage conditions would take years to complete, so accelerated ageing or controlled deterioration (CD) conditions are utilized to speed the loss of viability. The CD test has been used to assess the vigour of seed lots and to predict their relative longevity by ageing seeds rapidly at elevated temperature and relative humidity (RH) ([@bib19]; [@bib42]). Proteome analysis of *Arabidopsis thaliana* seeds revealed common features between the CD (85% RH at 40°C for up to 7 d) and conventionally (up to 11 years at 5 °C) aged seeds ([@bib47]). However, it remains under debate whether the mechanisms of conventional and accelerated seed deterioration are identical across broad ranges of temperature and moisture content ([@bib67]; [@bib36]; [@bib8]).

Genetics provides a powerful approach to identify the physiological and molecular bases of phenotypic traits such as seed longevity and other quality factors. Seed longevity is a quantitative trait since it is probably controlled by multiple genes ([@bib13]) and is strongly affected by the environment during seed formation, harvest, and storage ([@bib15], [@bib16]). Genetic loci associated with seed longevity have been identified in *Arabidopsis* ([@bib6]; [@bib60]; [@bib13], [@bib14]) and rice (*Oryza sativa*) ([@bib39]; [@bib49]; [@bib70]). In both species, several quantitative trait loci (QTLs) located on different chromosomes were associated with seed viability after storage. Molecular studies support the complex genetic nature of seed longevity. For example, *Arabidopsis* mutants affected in the tocopherol ([@bib50]) or flavonoid ([@bib18]) biosynthetic pathways showed reduced seed longevity, consistent with data showing that protection against reactive oxygen species production and attack are important features of *Arabidopsis* seed longevity ([@bib13]). In addition, mutations within the *DOG1* (*D*elay *o*f *G*ermination) gene in *Arabidopsis* that shortened seed dormancy were associated with a reduced seed longevity phenotype, indicating that seed dormancy mechanisms may be involved in delaying seed deterioration ([@bib7]).

Stress-related proteins and enzymes may also play a role in seed longevity. [@bib45] reported that seed-specific overexpression of the sunflower (*Helianthus annuus*) HaHSFA9 heat stress transcription factor in tobacco (*Nicotiana tabacum*) enhanced the accumulation of HSPs and significantly improved resistance of seeds to controlled deterioration, without detrimental effects on plant growth or development, seed morphology, or total seed yield. This transcription factor apparently interacts with the stress-related transcription factor HaDREB2 in a seed-specific manner to enhance tolerance to CD conditions ([@bib1]). Conversely, activity of a membrane lipid-hydrolysing phospholipase D (PLDα1) appears to be detrimental for *Arabidopsis* seed quality, whereas the attenuation of PLDα1 expression has the potential to improve oil stability, seed quality, and seed longevity ([@bib20]). Lipoxygenases (LOXs) have also been reported to be involved in seed deterioration ([@bib58]; [@bib33]). Mutations in the rice aldehyde dehydrogenase 7 (*OsALDH7*) gene resulted in seeds that were more sensitive to CD conditions and that accumulated more malondialdehyde than the wild-type seeds, implying that this enzyme could play a role in maintaining seed viability by detoxifying the aldehydes generated by lipid peroxidation ([@bib55]). The activity of protein [L]{.smallcaps}-isoaspartyl methyltransferase (IAMT), an enzyme repairing abnormal [L]{.smallcaps}-isoaspartyl residues accumulated in proteins during ageing, may be associated with the multicentenarian longevity of sacred lotus (*Nelumbo nucifera*) seed, since the IAMT activity of sacred lotus cotyledons persists during germination, in contrast to most seeds tested ([@bib54]). Two *Arabidopsis* genes (*PIMT1* and *PIMT2*) encode IAMT, transcripts of which increased in developing seeds in response to abscisic acid (ABA). ABA enhanced the production of one form of PIMT2 (PIMT2ω) through post-transcriptional modifications ([@bib69]). Overexpressing *PIMT1* in *Arabidopsis* enhanced seed longevity, while inactivating the gene reduced seed longevity ([@bib40]), suggesting that increased ability to repair damaged proteins upon imbibition is associated with greater seed longevity.

Protection of proteins and membranes during desiccation and storage probably depends on multiple mechanisms. During dehydration, water molecules are replaced by sugars at hydrogen-bonding sites to preserve the native structure of proteins and the spacing between membrane phospholipids ([@bib30]). At low moisture contents, glass formation increases viscosity and slows deteriorative chemical reactions ([@bib67]; [@bib30]). Specific anti-oxidative mechanisms may also play a role in the protection of seeds against ageing ([@bib5]). While these processes and deterioration itself occur in dry seeds where metabolism is prevented, the genes involved during seed development in establishing the pre-conditions for these mechanisms might be revealed by genetic analysis.

Storage experiments and QTL analyses were conducted to study potential relationships between CD and conventional ageing of control and primed seeds and to investigate the genetic basis of seed longevity in lettuce. A recombinant inbred line (RIL) population derived from a cross between *L. sativa* cv. Salinas×*L. serriola* accession UC96US23 was utilized to test whether QTLs associated with seed longevity under CD and conventional storage conditions could be identified.

Materials and methods
=====================

Recombinant inbred lines and seed production
--------------------------------------------

Seeds from 89 F~8~ RILs in a population derived by single-seed descent from an interspecific cross between *L. sativa* cv. Salinas and *L. serriola* accession UC96US23 were utilized. This population has been analysed previously for seed germination and quality traits ([@bib4], 2008*a*, *b*) and responses to seed priming ([@bib53]). This lettuce mapping population was developed by Dr Richard Michelmore\'s group at the University of California, Davis and analysed as part of the Compositae Genome Project ([@bib63]; <http://compgenomics.ucdavis.edu>). Seeds of this RIL population were produced in 2002 and 2006 in the field in Davis, California and were stored subsequently at 9 °C and 30% RH \[∼5--6% seed moisture content (MC), dry weight basis\] ([Fig. 1](#fig1){ref-type="fig"}). These are hereafter termed the 2002 and 2006 populations.

![Timeline of seed production and storage experiments using seeds of a lettuce RIL population produced in 2002 or in 2006. Population mean germination (PMG) is the average of the germination percentages of all RILs tested at the times indicated. Specific storage experiments and conditions are described in the text.](jexboterq248f01_ht){#fig1}

Seed priming protocol
---------------------

Seeds of the RILs produced in 2006 were osmoprimed using a standard protocol ([@bib28]; [@bib59]) as follows: 1.2 g of seeds of each line were primed in an 8.8 cm Petri dish over one blotter saturated with 10 ml of --1.25 MPa solution of polyethylene glycol 8000 for 48 h at 9 °C under continuous fluorescent light. Seeds were then rinsed briefly with water and surface water was removed by suction in a Buchner funnel. Subsequently, seeds were rapidly dried for 2 h at 32 °C and 25--30% RH in a ventilated oven before transfer to a chamber at 9 °C and 30% RH and equilibration for at least 2 d to constant MC. Seeds were stored thereafter in the same condition ([Fig. 1](#fig1){ref-type="fig"}).

Conventional storage
--------------------

Seeds of the 2002 and 2006 populations were stored at 30% RH and different temperatures for various durations to result in ∼50% mean viability across the RILs ([Fig. 1](#fig1){ref-type="fig"}). These low RH (or MC) and moderate temperature conditions are termed here as 'conventional storage'. Subsamples of control (not primed) seeds of the 2002 RIL population were stored for 2 years at 30 °C and 30% RH for after-ripening and deterioration studies beginning in 2004. The overall mean germination percentages had fallen to 43.4% by November 2006. The control seeds of the 2006 RIL population were stored at 37 °C for 21 months, with overall mean germination of 59.9% in July 2008. The primed seeds of the 2006 RIL population were stored at 37 °C for 24 months, when overall mean germination had fallen to 50.4% (December 2008). The germination percentages of the RILs at these times were used in the QTL analyses. Control seeds of the parental lines produced in Davis in 2002 were stored at 9 °C and 30% RH for almost 7 years, and germination was scored in 2002, 2006, and 2009.

Controlled deterioration
------------------------

For CD, control seeds of the 2002 RIL population and control and primed seeds of the 2006 RIL population were adjusted to higher MC by incubation over saturated NaCl solution (75% RH) for 4 d at 25 °C in a hermetic chamber ([@bib71]). The seeds were then sealed in vials and stored for different durations in an oven at 50 °C, followed by standard germination tests to assess longevity. The overall mean germination percentage of the control seeds of the 2002 RIL population was 47.6% after 8 d at 50 °C ([Fig. 1](#fig1){ref-type="fig"}). The control and the primed seeds of the 2006 RIL population exhibited mean germination percentages of 63.6% and 30.0% after incubation at 50 °C for 5 d and 2 d, respectively.

Germination tests for phenotypic analyses
-----------------------------------------

All the seeds exposed to either CD or conventional storage conditions were equilibrated for 24 h at 9 °C/25--30% RH before conducting the germination tests. For the control seeds, three replicates of 50 seeds each were placed in 4 cm diameter Petri dishes over two blotters wetted with distilled water (4 ml). For the primed seeds, three replicates of 25 seeds were utilized using the same conditions. In all the tests, the seeds were incubated under continuous fluorescent light at 20 °C, and germination (radicle emergence) was scored after 72 h. Variation in germination percentages among replicates of individual RILs was small relative to variation among RILs. The mean germination percentages of RILs were transformed to probits to normalize variances in data distributions (0.1% and 99.9% were used for 0% and 100% of germination, respectively). Viability was measured by scoring radicle emergence, as the viability curves for normal seedlings are consistently offset from those for radicle emergence ([@bib23]; [@bib9]). Using radicle emergence to assess seed longevity removes additional experimental error due to analyst interpretation of normal seedling characteristics. Primed seeds often exhibited damage to the radicle tips after ageing before radicle emergence itself was affected. However, radicle emergence was scored in this case also, so storage periods for primed seeds are overestimated relative to the periods for obtaining normal or usable seedlings.

QTL analyses
------------

For low-resolution mapping, a genetic linkage map based on the F~7~ RIL population comprising \>1700 amplified fragment length polymorphism (AFLP), simple sequence repeat (SSR), and expressed sequence tag (EST) markers consisting of nine chromosomal linkage groups and spanning 1254 cM was constructed using JOINMAP v2.0. A subset of 486 robust markers ∼2--3 cM apart was chosen as the framework map for QTL analysis ([@bib4]). For QTLs associated with seed longevity, the probit-transformed germination percentage values for control and primed seeds of each RIL were analysed separately using Windows QTL Cartographer V. 2.5. QTL analyses were performed using composite interval mapping, and QTLs were verified by 1000 permutations of phenotypic data and declared significant (*P* \<0.05) above the permutated log likelihood ratio (LOD score) threshold of 3.2 (control seeds) and 2.7 (primed seeds). QTLs having LOD scores close to or below these thresholds were subsequently tested for significance using multilocus mixed model analysis of variance (ANOVA; PROC MIXED) ([@bib4]). For high-resolution mapping, single-position polymorphisms (SPPs) were obtained for unigenes by analysis of 113 RILs hybridized in duplicate to a lettuce Affymetrix GeneChip^®^ genotyping microarray ([@bib65]). SPPs were ordered using MadMapper (<http://cgpdb.ucdavis.edu/XLinkage/MadMapper>). Markers from the high density mapping array ([@bib66]) were combined with the framework markers comprising linkage groups 1 and 4 from the *Lactuca* integrated map ([@bib63]) to obtain a more densely populated genetic map for the refinement of the QTL intervals on those chromosomes.

The naming of the *Seed longevity* (*Slg*) QTLs was based upon the seed treatment, storage condition, and linkage group (LG). QTLs identified for conventionally stored control seeds were named *Slg\[LG\].\[number on LG\]*, such as *Slg4.1*, *Slg4.2*, and so on in the order that they occurred within the LG. QTLs identified in conventionally stored primed seeds were termed *SlgP*, in CD-stored control seeds were termed *SlgCD*, and in CD-stored primed seeds were termed *SlgPCD*, followed by the LG and number on the LG, as above. For LGs 1 and 4 that were analysed using the high-resolution map, markers from that map were integrated with the markers of the low-resolution map, but map distances are not strictly comparable between the low- and high-resolution maps. Nonetheless, some markers were on both maps within the QTL intervals, and while they were not exact, QTLs that largely overlapped based on common markers were assigned the same numbers to reduce confusion.

Mean comparisons
----------------

RILs homozygous for Salinas or UC96US23 alleles at *Slg4.1* and *Slg4.2* were sorted by parental allele indicated by the molecular markers CLS_S3_Contig5097 and CLSM10124.b1_H11.ab1, and significant differences in their mean viabilities were calculated based upon the *t* distribution test ([@bib4]).

Results
=======

Seed longevity of parental lines
--------------------------------

Control seeds of the parent lines Salinas and UC96US23 produced in Davis in 2002 were conventionally stored at 9 °C and 30% RH ([Table 1](#tbl1){ref-type="table"}; [Fig. 1](#fig1){ref-type="fig"}). Germination percentages remained high throughout 2006, when Salinas and UC96US23 seeds exhibited 96% and 100% germination, respectively. However, by July 2009, germination of the UC96US23 seeds had fallen to 32% while germination of Salinas seeds was still 98.7%. UC96US23 seeds also aged more rapidly under CD conditions, with the Salinas and UC96US23 seeds germinating 81.3% and 0%, respectively, after 90 d at 75% RH and 50 °C ([Table 1](#tbl1){ref-type="table"}).

###### 

Germination of control seeds of the parent lines *Lactuca sativa* cv. *Salinas* and *L. serriola* accession UC96US23 stored under conventional or controlled deterioration conditions

  Type of ageing             Test date/days at 75% RH--50 °C   Germination (%) ±SE   
  -------------------------- --------------------------------- --------------------- -----------
  Conventional ageing        October 2002                      99.3±0.7              96.7±1.8
                             October 2006                      96.0±2.3              100.0±0.0
                             January 2009                      98.7±1.3              44.0±3.1
                             July 2009                         98.7±0.7              32.0±2.3
  Controlled deterioration   0 d                               93.3±1.3              90.7±1.3
                             4 d                               89.3±1.3              90.7±4.8
                             7 d                               88.0±2.3              84.0±4.6
                             10 d                              89.3±2.7              82.7±1.3
                             14 d                              88.0±2.3              81.3±7.1
                             21 d                              86.7±1.3              80.0±0.0
                             30 d                              88.0±0.0              72.0±6.7
                             40 d                              86.7±5.8              48.0±7.1
                             60 d                              84.0±2.3              26.7±6.7
                             90 d                              81.3±6.7              0.0±0.0

Seeds of both parental lines were produced in 2002 and stored under conventional conditions (9 °C and 30% RH). For the CD tests, seeds of both lines produced in 2008 were equilibrated at 75% RH for 4 d, and then transferred to an oven at 50 °C for different times. Three replicates of 50 and 25 seeds each were germinated at 20 °C in light for the conventional and CD tests, respectively. Radicle emergence was scored 72 h after planting. Mean germination percentages and standard errors (SE) are shown.

No correlation between storage conditions and production years
--------------------------------------------------------------

The longevity of seeds from individual RILs was assessed under both conventional and CD storage conditions ([Fig. 1](#fig1){ref-type="fig"}). Seed viabilities of the individual RILs after conventional and CD storage were not significantly correlated for either control or primed seeds ([Fig. 2](#fig2){ref-type="fig"}). In the case of the control seeds, both the 2002 and the 2006 RIL populations exhibited very low correlations between the two types of storage conditions ([Fig. 2A, B](#fig2){ref-type="fig"}). The primed seeds of the 2006 RIL population also showed a very low correlation between viabilities after conventional and CD storage ([Fig. 2C](#fig2){ref-type="fig"}). In addition, the viabilities of seeds of individual RILs produced in 2002 and in 2006 were poorly correlated after storage under either condition ([Fig. 3](#fig3){ref-type="fig"}).

![Relationships between germination after conventional and CD storage of the control lettuce seeds of RILs produced in 2002 (A) and of control (B) and primed (C) seeds of RILs produced in 2006. The control 2002 RIL population was conventionally stored at 30 °C during 2 years and the 2006 RIL population was stored at 30% RH and 37 °C for 21 (control seeds) or 24 months (primed seeds). For CD conditions, the seeds were incubated in 75% RH at 25 °C for 4 d before storage at 50 °C for 8 (2002 population), 5 (2006 population), or 2 d (2006 primed). Each point represents the average percentage of radicle emergence of three replicates for each test. Correlations between the two types of ageing tests were not significant: 2002 population, *R*^2^=0.054; 2006 population, *R*^2^=0.0099; and 2006 primed, *R*^2^=0.068.](jexboterq248f02_lw){#fig2}

![Relationships between germination of control conventional (A) and CD (B) stored seeds of the RILs produced in 2002 and 2006. The 2002 RIL population was conventionally stored at 30 °C during 2 years while the 2006 RIL population was stored at 30% RH and 37 °C for 21 months. For CD conditions, the lettuce seeds were incubated at 75% RH for 4 d before storage at 50 °C for 8 d (2002 population) or 5 d (2006 population). Each point represents the average percentage of radicle emergence of three replicates for each test. The correlations between production years of both conventionally and CD aged seeds were not significant (*R*^2^=0.0093 and 0.0307, respectively).](jexboterq248f03_lw){#fig3}

Longevity-associated QTLs of control conventionally stored seeds
----------------------------------------------------------------

For QTL analyses, the probit-transformed viability percentage of each RIL after storage was used as the phenotypic character, and an overall germination percentage of the RIL population of ∼50% was targeted in order to have diversity in viability among RILs ([Fig. 1](#fig1){ref-type="fig"}). Using low-resolution mapping, four significant *Slg* QTLs were identified for conventionally aged seeds ([Table 2](#tbl2){ref-type="table"}; [Fig. 4](#fig4){ref-type="fig"}). Among these, two QTLs on LG4 (*Slg4.1* and *Slg4.2*) together were responsible for 30.4% of the variance in viability in the 2006 control RIL population ([Table 2](#tbl2){ref-type="table"}). High-resolution mapping conducted on chromosome 4 using a more densely populated genetic map to refine the QTL interval confirmed two QTLs on LG4 ([Fig. 4A](#fig4){ref-type="fig"}; [Table 3](#tbl3){ref-type="table"}). (Note that cM locations are not directly comparable between the two maps.)

###### 

Seed longevity-associated QTLs of seeds stored under conventional and CD conditions---low-resolution mapping

  Type of seeds   Year   Type of ageing   LG   QTL           Closest marker   1--LOD interval (cM)   LOD score   *R*^2^   Additive effect   Multilocus analysis (Pr \>F)
  --------------- ------ ---------------- ---- ------------- ---------------- ---------------------- ----------- -------- ----------------- ------------------------------
  Control         2002   Conv             7    *Slg7.1*      LE3064           35--57                 3.07        0.11     B                 0.016
                  2006   Conv             1    *Slg1.1*      LE3190           38--61                 2.62        0.076    B                 0.021
                                          4    *Slg4.1*      1A01-129         20--46                 3.79        0.112    A                 
                                          4    *Slg4.2*      L317             61--118                5.95        0.192    B                 
                  2002   CD               2    *SlgCD2.1*    LE7005           94--120                3.76        0.148    A                 
                  2006   CD               1    *SlgCD1.1*    M1730            18--42                 3.02        0.082    A                 \<0.0001
                                          3    *SlgCD3.1*    E35/M49-F-207    9--30                  3.34        0.091    A                 \<0.0001
                                          4    *SlgCD4.1*    E45/M49-F-203    0--32                  2.61        0.072    A                 0.004
                                          4    *SlgCD4.2*    LE3042           64--87                 3.90        0.11     B                 
                                          6    *SlgCD6.1*    E51/M49-F-206    0--18                  3.60        0.103    A                 
  Primed          2006   Conv             1    *SlgP1.1*     E54/M48-F-124    47--71                 2.88        0.126    A                 0.001
                                          4    *SlgP4.1*     LM0052           22--45                 2.72        0.123    A                 0.012
                  2006   CD               1    *SlgPCD1.1*   LE0193           42--63                 2.99        0.093    A                 \<0.0001
                                          2    *SlgPCD2.1*   E35/M59-F-234    76--100                3.95        0.136    A                 
                                          3    *SlgPCD3.1*   1A03-253         0--48                  3.17        0.076    A                 
                                          6    *SlgPCD6.1*   Contig6010-1     0--18                  4.11        0.138    A                 
                                          8    *SlgPCD8.1*   Contig15680-2    109--134               4.29        0.127    B                 

Low-resolution mapping was performed across all linkage groups. Seeds of the RIL populations were produced in 2002 (control) and 2006 (control and primed). Multilocus ANOVA results are shown for loci with marginally significant LOD (log of odds) scores. Additive effects were conferred by alleles from A, *L. sativa*; and B, *L. serriola*.

CD, controlled deterioration; conv, conventional; LG, linkage group; P, primed; *Slg*, *[S]{.ul}eed [l]{.ul}on[g]{.ul}evity*.

###### 

Seed longevity-associated QTLs of seeds stored under conventional and CD conditions---high-resolution mapping

  Type of seeds   Year   Type of ageing   LG   QTL           Closest marker         1--LOD interval (cM)   LOD score   *R*^2^   Additive effect   Multilocus analysis (Pr \>F)
  --------------- ------ ---------------- ---- ------------- ---------------------- ---------------------- ----------- -------- ----------------- ------------------------------
  Control         2006   Conv             4    *Slg4.1*      CLS_S3_Contig5097-1    20--49                 6.27        0.228    A                 
                                          4    *Slg4.2*      CLSM10124.b1_H11.ab1   96--118                3.57        0.135    B                 
                  2006   CD               1    *SlgCD1.2*    QGG9J14.yg.ab1         84--116                3.76        0.174    A                 
                                          4    *SlgCD4.1*    1A04-360               0--21                  2.52        0.099    A                 0.039
                                          4    *SlgCD4.2*    CLSS8112.b1_011.ab1    74--100                2.50        0.094    B                 0.045
  Primed          2006   CD               1    *SlgPCD1.2*   CLR_S1_Contig138       75--88                 3.10        0.131    A                 
                                          4    *SlgPCD4.1*   1A04-360               4--29                  3.10        0.139    A                 

High resolution mapping was conducted on linkage groups 1 and 4. Seeds of the RIL populations were produced in 2002 (control) and 2006 (control and primed). Multilocus analysis results are shown for loci with marginally significant LOD (log of odds) scores. Additive effects were conferred by alleles from A, *L. sativa*; and B, *L. serriola*

CD, controlled deterioration; conv, conventional; LG, linkage group; P, primed; *Slg*, *[S]{.ul}eed [l]{.ul}on[g]{.ul}evity*.

![Summary of seed longevity-associated QTLs identified by low-resolution mapping across the lettuce genome. Markers associated with the peak and the 1--LOD confidence interval of each QTL are shown, as well as the initial and final marker of each linkage group. *Slg*, control seeds--conventional storage; *SlgCD*, control seeds--CD storage; *SlgP*, primed seeds--conventional storage; *SlgPCD*, primed seeds--CD storage. Flanking and peak (bold) markers are shown for each QTL.](jexboterq248f04_ht){#fig4}

The first QTL (*Slg4.1*) spanned 20--49 cM in the high-resolution map with a LOD score of 6.3 and explained 22.8% of the variance, with the improved viability being conferred by the Salinas parent line ([Table 3](#tbl3){ref-type="table"}). The second QTL (*Slg4.2*) spanned 96--118 cM in the high-resolution map with a LOD score of 3.6 and explained 13.5% of the variance, with the enhanced viability attributed to the UC96US23 allele ([Table 3](#tbl3){ref-type="table"}). Together, the two QTLs on LG4 explained 36.3% of the variance of the conventionally aged control seeds of the 2006 RIL population. All of the identified polymorphic loci mapping near these QTLs are shown in [Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/erq248/DC1) available at *JXB* online.

For each RIL of the 2006 population, molecular markers positioned close to the peaks of *Slg4.1* (CLS_S3_Contig5097) and *Slg4.2* (CLSM10124.b1_H11.ab1) were categorized by genotypic class (i.e. either Salinas or UC96US23) and their germination percentages after 21 months of conventional storage were averaged. RILs containing the Salinas and the UC96US23 alleles for the marker associated with *Slg4.1* showed mean viabilities of 71.1% and 49.2%, respectively, while for the marker associated with *Slg4.2*, the mean viabilities were 51.3% and 67.8% (differences significant at *P* \<0.05). These inverse relationships with viability were consistent with the predicted effects of each allele on longevity.

Longevity-associated QTLs of control seeds stored under CD conditions
---------------------------------------------------------------------

QTL analyses were also conducted using the control seeds of the 2002 and 2006 RIL populations after storage under CD conditions (i.e. 75% RH and 50 °C for 8 d and 5 d, respectively) ([Fig. 1](#fig1){ref-type="fig"}). Different viability-associated QTLs were detected depending upon the year when the RIL population was grown, indicating strong genotype by environment interactions ([Table 2](#tbl2){ref-type="table"}). The 2002 RIL population exhibited only one significant QTL (*SlgCD2.1*) above the 3.2 LOD score threshold. *SlgCD2.1* extended between 94 cM and 120 cM with a LOD score of 3.8 and explained 14.8% of the variation in viability. The RIL population produced in 2006 showed five significant viability-related QTLs on chromosomes 1, 3, 4, and 6 that collectively explained 45.8% of the phenotypic variation in viability ([Table 2](#tbl2){ref-type="table"}; [Fig. 4](#fig4){ref-type="fig"}). Using high-resolution mapping, a distinct QTL was identified on chromosome 1 (84--116 cM), *SlgCD1.2*, which was responsible for 17.4% of the phenotypic variation in viability, but QTLs on LG3 and LG6 were not confirmed ([Table 3](#tbl3){ref-type="table"}). Mapped genes identified within this QTL interval are listed in Suppplementary Table S2 at *JXB* online. Although viability-associated QTLs were identified by high-resolution mapping on LG4 after both conventional and CD ageing of the 2006 RIL population, overlap of QTLs between the two conditions was minimal ([Fig. 5](#fig5){ref-type="fig"}).

![High-resolution mapping on linkage group (chromosome) 4 of QTLs associated with increased germination during conventional (A) and CD storage (B) using seeds from a RIL population derived from *L. sativa* cv. Salinas and *L. serriola* UC96US23 and produced in 2006. The lower graph in each panel indicates which parent contributed to the trait, with positive values indicating Salinas and negative values indicating UC96US23.](jexboterq248f05_lw){#fig5}

Longevity-associated QTLs of primed seeds
-----------------------------------------

Two viability-associated QTLs were detected for primed seeds conventionally stored for 2 years ([Table 2](#tbl2){ref-type="table"}; [Fig. 4](#fig4){ref-type="fig"}). *SlgP1.1* showed a LOD score of 2.9 and explained 12.6% of the variance in viability. The improved viability was attributed to the Salinas allele. A second viability-associated QTL (*SlgP4.1*) extended between 22 cM and --45 cM on LG4 with a LOD score of 2.7 and explained 12.3% of the variation in viability. However, these two QTLs were not confirmed using high-resolution mapping ([Table 3](#tbl3){ref-type="table"}).

When primed seeds of the 2006 RIL population were stored under CD conditions, five viability-associated QTLs were identified by low-resolution mapping ([Table 2](#tbl2){ref-type="table"}; [Fig. 4](#fig4){ref-type="fig"}). Two of these QTLs on LG1 and LG4 were significant using high-resolution mapping ([Table 3](#tbl3){ref-type="table"}). *SlgPCD1.2* overlapped slightly with one detected in CD-stored control seeds (*SlgCD1.2*). Genes mapping within this chromosomal region are listed in [Supplementary Table S2](http://jxb.oxfordjournals.org/cgi/content/full/erq248/DC1) at *JXB* online.

Discussion
==========

Genetic markers for improved seed longevity would be useful to allow breeders to incorporate this trait into seeds, as conventional ageing tests are generally too slow to be useful in selection. Early indicators of post-harvest deterioration would also be valuable to enable seed companies to harvest, process, store, ship, market, and replenish seed stock costs effectively. To date, there are no reliable indirect genetic markers for seed longevity, though a number of candidate genes have been reported to influence longevity ([@bib18]; [@bib14]; [@bib50]; [@bib69]; [@bib7]; [@bib45]; [@bib20]; [@bib40]; [@bib47]; [@bib1]). All research on the mechanisms of seed deterioration and longevity is hampered by the lack of convenient assays to assess potential seed longevity. A particular problem is that many seed lots exhibit a lag period of variable length during which viability remains essentially constant, followed by a relatively rapid decline in viability (e.g. [Table 1](#tbl1){ref-type="table"}; [@bib59]; [@bib67]). Thus, seeds may appear to have high viability but may be susceptible to rapid deterioration in the near future or when moved to less optimal storage conditions. A recent report of a method to distinguish aged seeds prior to loss of viability therefore represents a potentially valuable development ([@bib32]). Modelling approaches have also been proposed that can predict potential seed longevity based upon changes in germination rates prior to loss of viability ([@bib9]).

Although the parent lines used in the present genetic studies were not selected in advance for differences in potential seed longevity, they did differ for this trait ([Table 1](#tbl1){ref-type="table"}). The control Salinas seeds that had been conventionally stored since their production in 2002 retained high viability up to July 2009, while UC96US23 seeds produced at the same time and stored in the same conditions were only 32% viable ([Table 1](#tbl1){ref-type="table"}). The same trend was observed between recently produced seeds of the parent lines in the CD tests ([Table 1](#tbl1){ref-type="table"}), although it is unclear why these seeds exhibited much greater resistance to deterioration, requiring a few months to lose viability while seeds from the RILs lost viability after only a few days using the same CD conditions. In the conventional storage tests, the genetic differences on chromosome 4 associated with longevity were attributed to both Salinas and UC96US23 alleles in the RIL population studied, although overall relatively more Salinas alleles seem to be involved in enhancing lettuce seed longevity in this population ([Tables 2](#tbl2){ref-type="table"}, [3](#tbl3){ref-type="table"}).

The low correlations between the results of the conventional and CD storage conditions ([Fig. 2](#fig2){ref-type="fig"}) were rather unexpected, since the 75% RH/50 °C CD test is commonly used for assessing vigour and longevity of lettuce seeds ([@bib71]; [@bib52]). In the present case, this CD test did not predict the deterioration that occurs under moderate RH and temperature storage conditions. This suggests that different deterioration mechanisms may be involved in CD and conventional storage ([@bib67]; [@bib36]). For example, studies with soybeans found little increase in free radical levels of conventionally aged seeds but a doubling of free radicals in accelerated aged seeds ([@bib43]; [@bib44]). [@bib41] questioned whether the physiological events occurring under CD conditions reflected those found during conventional storage of pea (*Pisum sativum*) seeds. Conversely, [@bib34] concluded that physiological changes in seeds exposed to accelerated ageing conditions were the same as those under conventional storage conditions, with the exception of the rate at which they occur. Longevities of *Arabidopsis* seeds were also well correlated when seeds from various ecotypes, mutants, and RILs were aged at temperatures ranging between ambient conditions up to 85% RH at 50 °C ([@bib13], [@bib14]). In keeping with this, proteome analyses in *Arabidopsis* showed that the extent of protein carbonylation was strongly increased by both storage conditions but the protein targets of carbonylation were nearly the same ([@bib47]). Thus, species-specific processes that are involved in the loss of viability may be independent of (i.e. *Arabidopsis*) or dependent on (i.e. lettuce, soybean) the environment in which the seeds are stored. While CD tests of lettuce seeds may be useful for rapid comparisons among seed lots, an alternative rapid ageing test is needed for studying the mechanisms responsible for seed deterioration under conditions more closely resembling conventional or commercial storage conditions.

Another striking result was the complete lack of correlation among seeds of the same RIL population produced in different years following either conventional or CD storage ([Fig. 3](#fig3){ref-type="fig"}). This absence of correlation between the two types of ageing tests and the general failure to identify the same QTLs when the 2002 and 2006 RIL populations were compared, regardless of the conditions in which the seeds were stored ([Tables 2](#tbl2){ref-type="table"}, [3](#tbl3){ref-type="table"}), indicate that lettuce seed longevity exhibits strong genotype by environment interactions. This is consistent with reports that lettuce seed longevity in high MC storage was enhanced by exposure to far-red light during seed development ([@bib15], [@bib16]). Thus, seed longevity is influenced by the environment during seed formation, harvest, and storage ([@bib22]), contributing to the strong genotype by environment interactions. However, multiple longevity-associated QTLs identified in specific genetic×environment combinations in this study can be the basis for more targeted genetic and physiological studies in the future.

A major QTL on chromosome 4 termed *Slg4.1* was responsible for almost 23% of the phenotypic variation in viability of the conventionally stored control seeds of the 2006 RIL population, and the improved longevity was conferred by the Salinas allele ([Table 3](#tbl3){ref-type="table"}; [Fig. 5A](#fig5){ref-type="fig"}). The maximum LOD score at 32.5 cM coincided with CLS_S3_Contig5097, which has high sequence homology with an *Arabidopsis* gene *AtMAT3* (accession no. NM_129243) encoding a protein with methionine adenosyltransferase activity ([Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/erq248/DC1) at *JXB* online). A nearby sequence mapping at 36.4 cM has sequence homology to eukaryotic initiation factor 5 (eIF-5) ([Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/erq248/DC1)), variants of which in *Arabidopsis* may be involved in regulating a switch between cell division and cell death ([@bib61]). Another sequence (CLS_S3_Contig10071) that mapped within this QTL interval has strong homology with an *Arabidopsis* gene encoding a heat shock transcription factor (*AtHSF4*, accession no. NM_119862) ([Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/erq248/DC1)). Small HSPs contribute to processes that have been associated with seed longevity, such as tolerance of embryo desiccation, membrane stabilization, and oxidative stress resistance ([@bib68]; [@bib51]). Post-priming treatments using heat shock enhanced the expression of an HSP that encodes a chaperone protein (i.e. 78 kDa binding protein or BiP), which may have contributed to improved longevity of primed tomato seeds following post-priming treatments ([@bib27]). Overexpression of a specific heat stress transcription factor (HaHSFA9) in transgenic tobacco plants increased the accumulation of HSPs and significantly improved resistance of seeds to deterioration ([@bib45]; [@bib1]). Interestingly, *Slg4.1* and *SlgPCD4.1* overlapped in the region containing the putative heat shock transcription factor (23.9 cM) ([Table 3](#tbl3){ref-type="table"}; [Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/erq248/DC1)). While it is not possible at this time to link *Slg4.1* directly with HSPs, these results suggest the potential value of testing the association of HSPs with seed longevity in lettuce seeds.

A sequence encoding a DNA replication factor complex-related protein (Contig7346-1) mapped at the centre of the QTL peak for *Slg4.2* (108.4 cM) ([Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/erq248/DC1) at *JXB* online). A gene mapping nearby at 105.5 cM (QGD6M21.yg.ab1) has sequence homology to an ABC transporter family protein ([Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/erq248/DC1)); a member of this family in *Arabidopsis* (COMATOSE) is involved in the transition from dormancy to germination ([@bib25], [@bib24]). A sequence encoding a LOX (QGD7P09.yg.ab1) also mapped within the *Slg4.2* confidence interval at 114.4 cM ([Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/erq248/DC1)). [@bib33] found that cultivars of maize (*Zea mays*) with low or no LOX activity had longer storage life when the seeds were stored under CD conditions. However, this was not the case in soybean (*Glycine max*), where longevity under CD conditions was unaffected in LOX mutants, and the loss of one or two of the three LOX isozymes had no effect on seed deterioration ([@bib62]). Further work would be required to determine whether ABC transporters or lipoxygenases contribute to lettuce seed ageing characteristics.

Primed lettuce seeds are more susceptible to ageing under CD conditions than are the control seeds based upon the overall population viability percentages of the 2006 RIL population. The control and the primed seeds of this population showed mean viability percentages of 63.6% and 30.0% after exposure at 75% RH and 50º C for 5 d and 2 d, respectively. However, this large discrepancy in viability is not as evident when conventionally stored control and primed seeds of the 2006 RIL population are compared, as their overall germination percentages were 59.9% (21 months at 30% RH/37 °C) and 50.4% (24 months at 30% RH/37 °C), respectively. These results confirm that primed lettuce seeds are more sensitive to the adverse effects of higher seed MC than are control seeds during storage at elevated temperatures, as was reported previously ([@bib59]; [@bib52]; [@bib29]). QTL analyses revealed potential genetic loci that may have influenced the loss of viability of the primed seeds of the 2006 RIL population ([Tables 2](#tbl2){ref-type="table"}, [3](#tbl3){ref-type="table"}). The majority of these were associated with CD storage conditions. It is possible that RILs responded differently to the standard priming treatment with respect to its influence on longevity, contributing to differences in the QTL identified in control and primed seeds. It should also be noted that the longevity of primed seeds was overestimated by using radicle protrusion as the indicator of viability, as primed seeds often exhibited damaged root tips that would not be scored as normal seedlings, but were counted as germinated here as long as radicle protrusion occurred. Thus, the differences between longevity of primed and control seeds are larger from a practical viewpoint than is indicated here. Since loss of normal seedlings and loss of radicle protrusion are completely parallel during storage of both primed and control lettuce seeds ([@bib9]), genetic analyses will not be affected by the use of radicle emergence rather than normal seedlings as the phenotype.

Conclusions
===========

A lettuce RIL population was utilized to search for QTLs associated with seed longevity under different storage conditions. The longevities of seeds stored in conventional and CD conditions were not correlated for both control and primed seeds. Thus, for lettuce seeds, CD tests at elevated temperature and MC may not be predictive of how seeds would store under conditions more closely resembling commercial storage. It may therefore be necessary to test longevity under more moderate storage conditions, making the development of methods to predict potential storage life well before the loss of viability even more important ([@bib9]; [@bib32]). Seed longevity exhibits strong genotype by environment interactions, as in general the same QTLs were not identified when seeds of the RIL population produced in 2002 and 2006 were compared, regardless of the conditions in which the seeds were stored. This supports the general concept that seed physiological properties (e.g. dormancy, vigour, and longevity) are strongly influenced by the environment during seed development ([@bib21]). Despite this complexity, regions on chromosomes 1 and 4 containing overlapping QTLs may highlight genomic regions containing loci affecting seed deterioration ([Fig. 4](#fig4){ref-type="fig"}). Further work identifying the genes associated with these QTLs and developing molecular markers for them may enable breeding for improved seed longevity or assist in elucidating mechanisms responsible for seed deterioration during storage. It will also be of interest to identify loci associated with the environmental sensitivity of potential seed longevity.
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[Supplementary data](http://jxb.oxfordjournals.org/cgi/content/full/erq248/DC1) are available at *JXB* online.

[**Table S1.**](http://jxb.oxfordjournals.org/cgi/content/full/erq248/DC1) Candidate genes mapped near two longevity-associated QTLs on chromosome 4.

[**Table S2.**](http://jxb.oxfordjournals.org/cgi/content/full/erq248/DC1) Candidate genes mapped near two longevity-associated QTLs on chromosome 1.
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ABA

:   abscisic acid

AFLP

:   amplified fragment length polymorphism

CD

:   controlled deterioration

EST

:   expressed sequence tag

HSP

:   heat shock protein

LOX

:   lipoxygenase

MC

:   seed moisture content (dry weight basis)

LOD

:   log of the odds or log likelihood ratio

QTL(s)

:   quantitative trait locus (loci)

RH

:   relative humidity

RIL

:   recombinant inbred line(s)

SPP

:   single-position polymorphism

SSR

:   simple sequence repeat
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